Epidemiological models have been used extensively as a tool in improving animal disease surveillance activities. A review of published papers identified three main groups of model applications: models for planning surveillance, models for evaluating the performance of surveillance systems and models for interpreting surveillance data as part of ongoing control or eradication programmes. Two Danish examples are outlined. The first illustrates how models were used in documenting country freedom from disease (trichinellosis) and the second demonstrates how models were of assistance in predicting the risk of future cases, detected and undetected, of a waning infection of bovine spongiform encephalopathy. Both studies were successful in advancing European policy changes to reduce the cost of surveillance to appropriate levels given the magnitude of the respective hazards.
Introduction
An epidemiological model is a logical or mathematical representation of the epidemiology of disease and associated processes. It takes what is currently known about the disease situation and uses that information to help one make an educated guess about what may happen in the future under various simulated conditions. It allows users to ask 'what if..?' questions and compare the results of different actions.
Models have been designed to assist in fulfilling a variety of surveillance activities. Such activities are not only necessary for national, technical and administrative reasons, but may also be important in international, political and traderelated issues when demonstration of preparedness, competitiveness, and transparency is needed.
The following sections will briefly describe models for a series of different or overlapping surveillance applications. Epidemiological models have been used to support the following surveillance activities: a) planning surveillance systems by:
-visualising potential outbreaks of disease, and using that information to develop a surveillance plan -identifying where and how to target surveillance activities, i.e. determining the locations, herd types or herd sizes that it would be most useful to target -calculating sample sizes and estimating sensitivity for composite, targeted or risk-based surveillance systems b) evaluating surveillance systems by:
-visualising potential outbreaks of disease, and using that information to evaluate a current or a modified surveillance system -examining the influence of enhanced surveillance on the magnitude of potential outbreaks -assisting in estimating the sensitivity of a surveillance system, expressed as the probability of successfully detecting the disease, if present c) interpreting surveillance data from ongoing monitoring, control or eradication programmes to:
-assist in evaluating the effectiveness/adequacy of a surveillance system -estimate the value of surveillance, in terms of disease outbreak consequences that are averted (biological, economic, social, etc.) -document or predict changes in the occurrence of diseases for which surveillance data are available.
According to the Terrestrial Animal Health Code (Terrestrial Code) of the World Organisation for Animal Health (OIE) (55) , the three main aims of surveillance are to:
-document the absence of disease or infection -detect the presence of exotic or emerging diseases as early as possible -determine the frequency or distribution of disease or infection.
Models have been used to support all three types of surveillance activities, as will be shown below (two Danish examples are considered).
Epidemiological models range from simple to very complex, depending on the situation. All types can be useful, as long as the model is appropriate to the question being asked. Models may be deterministic, where input values are specified as point estimates, and the results of the model are the same each time it is run, or they may be stochastic, where input values represent a range of values rather than one value. In stochastic models, one value from within the range is selected by the model for each input during the simulation. Each time the model runs the result can be different. These models are usually run many times, and the outputs are analysed looking at the full range of outcomes. Stochastic models are used where a distribution is needed to capture the variation in the input value, due to either biological variability or uncertainty.
Planning surveillance systems
Many models have been used to assist in the planning of surveillance systems. Stochastic simulation models are commonly used to calculate the sample size for surveys. They are especially useful for calculating the sample size required for risk-based or targeted surveillance and when disease prevalence and test characteristics are uncertain (51, 52) . Models are very useful for comparing the likely performance of several different sampling strategies (1, 5, 25, 26) , diagnostic tests (34) and combinations of the two before the actual implementation, thus potentially saving time and money.
Evaluating surveillance systems
Stochastic simulation models are commonly used to evaluate the sensitivity and specificity of surveillance systems (4, 9, 25) and evaluate the effects of different sample collection methods (31) , sample sizes (7), surveillance or eradication strategies (11, 36, 41, 42, 47, 49, 56) and serological tests (34) . The effect of different sampling collection conditions when testing for infectious bovine rhinotracheitis was evaluated with a simulation model (8, 40) . A simulation model was also used to determine that the sample size for an abattoir-based survey was too small to estimate a true prevalence of scrapie of 1% with an accuracy of ±0.5% (50) .
Interpreting surveillance data from ongoing monitoring, control or eradication programmes

Document the absence of disease or infection
Epidemiological models have been used to estimate the probability that disease is absent in a population or herd (7, 8, 9, 13, 23, 27, 28, 29, 32, 33, 35, 40, 51) . It is impossible to prove that a population is free from disease or infection without testing each and every animal in that population. However, with models using sample data one can estimate the probability that a population is affected by the disease or infection below a certain low level ('the design prevalence'). Models can allow the user to account for uncertainty in the test performance, in sampling accuracy, in the clustering of animals in herds, or in any number of other factors. Models can be used to calculate sample sizes for random surveys or risk-based surveillance in order to obtain a given level of confidence that the disease level is below the design prevalence. An additional advantage is that modelling can take into account the complexity of disease transmission, as well as the uncertainty and biological variability that need to be considered when evaluating surveillance to document freedom from disease or infection.
Example 1: Towards a risk-based surveillance for Trichinella species in Danish pig production Increasing demands for cost-effectiveness in surveillance for hazards of animal origin can be met by introducing risk-based principles. This implies targeting subpopulations that have a higher risk of infection than the population as a whole. Furthermore, historical data from surveillance can be used to estimate the future risk of infection. To demonstrate the effectiveness of combining these two approaches, the authors used a model based on the principles described by Martin et al. (32) when examining the slaughterhouse surveillance for Trichinella spiralis infection in Danish pigs (1) .
Rev. sci. tech. Off. int. Epiz., 30 (2) For each scenario, 1,000 simulations were run using the software programme @Risk (Palisade Inc.).
In Denmark, approximately 20 million pigs have been tested annually for many years, and through more than 76 years of testing no pigs have ever been found positive for Trichinella (1) . Hence, PIntro has always been low, and it was conservatively estimated at a mean value of the reciprocal of the number of years without introductions, i.e. 1/76 = 1.3%. SSe can be estimated from combining the number of infected carcasses expected under the specified design prevalence, and the sensitivity of the diagnostic test applied. Finally, the accumulated confidence in the country status was estimated by adding, for each year, PIntro and the probability of any false negative samples being present among all the negative test results given the SSe. The model performs simulations that reiterate and accumulate for 16 successive years ( Fig. 1) 30 (2) Three variables are of importance for the model:
-the chosen design prevalence (P*) -the sensitivity of the system (SSe), i.e. the surveillance system' s capacity to identify at least one case of Trichinella in the national slaughter-pig population out of the number of cases expected if the infection were present at the specified design prevalence -the annual probability of introduction of Trichinella into Denmark (PIntro).
Different scenarios were modelled:
-the existing surveillance system testing all slaughter pigs simulated over a historical 16-year period, i.e. from 1990 to 2005 (Scenario 1) -risk-based surveillance systems with testing of all outdoor-reared pigs as well as sows and boars slaughtered (610,000 pigs) and assuming four different proportions of expected cases to fall in the high-risk population sample (Scenarios 2 to 5). For comparison these scenarios were also simulated over a 16-year period, assuming unchanged annual slaughter loads. It is evident from these results that because of the volume of tests performed each year -even with a relatively low assumed sensitivity of the individual test of 0.40 (21) -it is very unlikely that any of the assumed positive samples would not have been detected if the actual prevalence in Danish pigs in the past had been at or above the design prevalence of one per million. The model estimate of the accumulated confidence in the negligible risk status is 98.7%, which differs from 100% only by the assumed annual risk of introduction of 1.3%. It is reassuring to see that the much smaller, risk-based samples, assuming continued negative test results from all samples and applying the assumptions specified in Tables I and II, give only slightly lower confidence estimates for the negligible risk status, i.e. 96.7% to 95.8% for the four scenarios, which account for a conservative estimate of the annual risk of introduction at 3.3%.
According to the authors' assessment, there is a very high level of confidence that the current prevalence of Trichinella in Danish pigs is less than one case per million, which is generally accepted as a negligible risk (21) . Even for the alternative risk-based scenarios testing only the 3% of animals with the highest risk this confidence would still be 
Detect the presence of exotic or emerging disease as early as possible
Early detection of exotic or emerging diseases is an important aspect of surveillance (9, 33, 44, 45, 46) . The sooner the disease is detected, the sooner disease management can begin and the sooner the disease may be eradicated or controlled, thus decreasing economic and other societal losses. Risk-based and targeted surveillance are commonly used to increase the probability of detecting infected herds/animals if the disease is present and models have been applied in estimating the sensitivity of such surveillance systems and the confidence in their findings (1, 4, 24, 25, 54) . Early detection of exotic or emerging diseases often depends on passive surveillance, participatory surveillance or syndromic surveillance. Some 
Determine the frequency or distribution of disease or infection
Deterministic epidemiological models can estimate the prevalence of a disease in a population or herd using simple formulas to evaluate sampling results. However, stochastic models can allow a more complex evaluation of the sampling results, allowing the user to account for uncertainty in the test performance, in sampling accuracy, in the clustering of animals in herds, or in any of a number of other factors (50, 51, 53, 54).
Improved surveillance can help reduce animal mortality, increase feed efficiency, and reduce veterinary expenses. It can also reduce the risk of foreign animal diseases entering the country and becoming established. By reducing case mortality, surveillance helps to minimise adverse consumer reactions and limit trade restrictions. These benefits can be considered when evaluating the value of surveillance. An evaluation of value will also need to take into account the social effects related to the biological and economic benefits of surveillance, since avoiding negative social consequences is also an important part of the value of a surveillance system.
Surveillance for livestock diseases already present in the country has been evaluated with models, e.g. Salmonella in Denmark (6, 39) . In the European Union (EU), alternative surveillance strategies for bovine spongiform encephalopathy (BSE) can be evaluated and compared using the deterministic BSurvE model -a BSE surveillance model developed for the EU Reference Laboratory for Transmissible Spongiform Encephalopathies (37, 38) . The BSE surveillance system described in the OIE Terrestrial Code (55) uses a simplified version of BSurvE. Figure 6 .
The prognosis model of the National Veterinary Institute of the Technical University of Denmark
The prognosis model developed at the National Veterinary Institute at the Technical University of Denmark (DTU-VET) (30) is primarily used to investigate the epidemiological situation of BSE in Denmark and to make predictions on the number of cases expected during the coming years (Fig. 7) . The predictions are regularly updated and published on the DTU-VET website (30) .
It should be noted that the model uses the general form of the incubation period distribution, derived from the original publication on the United Kingdom (UK) data (12, 22) , but with a parameter setting adjusted to the assumed age at infection of 0.5 years (2). The preclinical detectability period by rapid transmissible spongiform encephalopathy testing was restricted at 0.2 years, conforming more closely to the results for the 1 g-dosed experimental cattle group (3). A number of scenarios were considered, including a cessation of the testing of healthy animals born after 1 January 2004. Results from two scenarios are presented here:
Estimation of undetected cases in the reduced surveillance scenarios
-raising the age limit for slaughter animal testing from 30 to 48 months and for risk animals from 24 to 36 months (Scenario A)
-raising the age limit for slaughter animal testing from 30 to 60 months and for risk animals from 24 to 48 months (Scenario B).
In all cases the consequence of reductions in terms of any undetected BSE cases was estimated as from 1 January 2009. The scenario actually implemented by the EU, i.e. a rise in the age to 48 months for all groups (17), was not evaluated in this study.
The estimations were performed under the assumption that any change in the testing intensity of the healthy slaughter animals would not influence the relative contribution of BSE cases to the various surveillance ('exit') streams, e.g. that a constant number of cases would be found among clinical suspects and in fallen stock. It was further assumed that the number of BSE cases directed to the healthy slaughter stream is approximately equal to the number of BSE cases directed to the risk animal stream (fallen stock, etc.).
The UCLs of infection frequencies in cohorts from 2000 were assumed to be reduced stepwise after 1 January 2002 by factors derived from the decline of the UK BSE epidemic after the 1988 feed ban (42% for the 2002 cohort down to 8% in cohorts from 2006 and onwards). These were considered to be rather conservative estimates of the effect of the EU-wide feed ban introduced on 1 January 2001 on the possibility of an external challenge to the cattle population in Denmark. This assumption required a weighting of the contributions from the various cohorts when performing the iteration procedure, achieved by multiplying the expected number of cases, E k (P), by the mitigation factor, M k , for each cohort K.
On the basis of the estimated UCL for infection frequency on 1 January 2009, exponential distributions were used to model uncertainty about the infection frequency in birth cohorts from 2000 onwards. The number of undetected cases was simulated by summing up the outputs of stochastically independent samplings from Poisson distributions for each cohort and age group. Sampling from exponential and Poisson distributions was carried out using the respective functions in @Risk. Two simulations, each with 10,000 iterations, were performed using @Risk v. 4.5.
Estimates of BSE infection frequencies and their UCLs (95%) for individual cohorts from 1995 to 2003 are given in Table III . A favourable trend was observed following the 1996 cohort with a more than tenfold reduction in the central estimate (1996 to 1999) and with a more than sixfold reduction in the 95% UCL by 2001, thus indicating that the control measures against BSE taken in Denmark in 1996 (improved pressure cooking of meat-and-bone meal and separation of swine and cattle feed production) had a significant effect. The UCLs are bound to increase from 2001 onwards due to the lower number of tested animals from the subsequent cohorts. Table IV gives the UCL (95%) for BSE infection frequencies for pooled cohorts born in 2000 and thereafter. The estimation is performed for tests carried out before 1 January 2009, when test reductions were introduced. These UCLs are inputs for the estimation of undetected cases in the various scenarios of reduced testing.
The estimated number of future undetected BSE cases during a five-year period of surveillance (from 1 January 2009 to 31 December 2013) as a consequence of reduced testing scenarios is presented in Table V. Raising the age limit to 48 months for healthy slaughter animals and to 36 months for risk animals would give rise to undetected cases in less than 1% of the simulations. Raising the age limit further (healthy slaughter animals: 60 months; risk animals: 48 months) increased the estimates, but still only to a 99% UCL of 1, so there was a high degree of confidence that no undetected cases would result as a consequence of raising the age limits for testing in the scenarios considered. By raising the age limit for testing to 48 months the number of animals tested could be reduced by approximately 33% without jeopardising the sensitivity of the testing regime. A significant recent contribution to modelling animal and public health surveillance activities has been to document the efficacy of risk-based surveillance programmes so as to put them forward as alternatives to the existing and often extensive screening programmes. The models have documented the economic benefits of targeting and downsizing sampling without incurring significant losses in surveillance system sensitivity or confidence in the disease status being modelled, as shown in the two Danish examples above.
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Les modèles épidémiologiques au service des activités de surveillance des maladies animales
P. Willeberg, L.G. Paisley & P. Lind
Résumé L'utilisation des modèles épidémiologiques en tant qu'outil permettant d'améliorer les activités de surveillance des maladies est très répandue. L'examen de la littérature fait ressortir trois groupes principaux d'applications possibles, suivant que les modèles sont utilisés pour planifier la surveillance, pour évaluer les performances des systèmes de surveillance ou pour interpréter les données de la surveillance dans le cadre des programmes de lutte ou d'élimination en cours de réalisation. Les auteurs présentent deux exemples d'applications au Danemark. Le premier illustre l'utilisation d'un modèle pour apporter des preuves de l'absence d'une maladie (la trichinellose) dans le pays, tandis que le second démontre l'utilité des modèles pour anticiper les risques de futurs cas détectés ou silencieux dans un contexte de déclin de l'infection par l'encéphalopathie spongiforme bovine. Ces deux études ont réussi à introduire des avancées dans les politiques européennes afin de ramener le coût de la surveillance à des niveaux appropriés et proportionnés aux dangers réellement encourus dans chaque situation.
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Modelos epidemiológicos para respaldar las actividades de vigilancia zoosanitaria
P. Willeberg, L.G. Paisley & P. Lind
Resumen Los modelos epidemiológicos vienen siendo una herramienta muy utilizada para mejorar las actividades de vigilancia zoosanitaria. Tras pasar revista a la bibliografía sobre el tema, los autores agruparon los modelos, en función de sus aplicaciones, en tres grandes clases: modelos utilizados para planificar la vigilancia; modelos para evaluar el funcionamiento de los sistemas de vigilancia; y modelos para interpretar los datos de vigilancia como parte de programas de control o erradicación en curso. Los autores se detienen a examinar dos ejemplos tomados de Dinamarca. En el primero se expone el uso de modelos para probar la ausencia de una enfermedad (la triquinelosis) del país, y en el segundo se explica cómo los modelos ayudaron a predecir el riesgo de futuros casos (detectados o no) de encefalopatía espongiforme bovina en la etapa terminal de un brote. Ambos estudios fueron de utilidad para introducir cambios en las políticas europeas con el fin de reducir el costo de la vigilancia a niveles acordes con la magnitud de los respectivos peligros.
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